Citrobacter braakii produced an intracellular acid glucose phosphatase (AgpC) which was purifi ed 986 fold to homogeneity with the specifi c activity of 286 units/mg. AgpC hydrolyzed a wide variety of phosphorylated compounds with high activity for glucose-1-phosphate and glucose-6-phosphate. The optimum pH and temperature for the enzyme activity was pH 5.0 and 45 C, respectively. The Km value for glucose-1-phosphate was 5.12 mM with a Vmax 27.8 U mg − −1 . Its molecular weight was 46 kDa by SDS-PAGE gel and the sequence of N-terminal amino acid residues identifi ed was Gln-Thr-Ala-Pro-Glu-Gly-Tyr-Gln-Leu-Gln. The glucose-1-phosphatase gene (agpC) was cloned from the C. braakii genomic library. This gene comprised 1,242 nucleotides and encoded a polypeptide of 413 amino acids. The result of its BLAST search showed a significant similarity with glucose-1-phosphatase from enterobacteria such as E. coli, Enterobacter, Shigella, and Salmonella.
Introduction
Phosphate (Pi) assimilation, storage and mobilization are processes of particular importance due to the vital role of Pi in energy transfer and metabolic regulation. Bacteria possess a range of enzymes which are able to catalyze the liberation of Pi from a wide variety of phosphate esters, the phosphatases, which play various essential or accessory roles in cell physiology. Acid phosphatase (EC 3.1.3 .2) is a key enzyme in the regulation of Pi metabolism. The acid phosphatase enzyme family is ubiquitous in nature and often exists as a complement of multiple isozymic variants. Acid phosphatases are classifi ed as extracellular or intracellular. Most extracellular acid phosphatases are relatively non-specifi c enzymes, which are involved in the acquisition of Pi from the environment (Duff et al., 1991 (Duff et al., , 1994 Joh et al., 1996) . Intracelluar acid phosphatases are undoubtedly important in the production, transport, and recycling of Pi (Duff et al., 1994) . Phytase catalyzes the hydrolysis of phosphomonoester bonds of phytate (myo-inositol hexakisphosphate), thereby liberating inorganic orthophosphate (Mullaney and Ullah, 2003) . Phytases are used as an animal feed additive to improve phosphate bioavailability and to reduce the loss of phosphate and divalent cations from phytate, which is the main form of phosphate in foods or feeds of plant origin. The phytase enzyme with high specifi c activity presently is the pH 2.5 acid phosphate AppA from Escherichia coli (Golovan et al., 2000) . In contrast, E. coli acid glucose-1-phosphatase (Agp, EC 3.1.3.10), despite its apparent sequence similarity to AppA, primarily cleaves small monosaccharide phosphates such as glucose-1-phosphate, glucose-6-phosphate and fructose-6-phosphate, but also exhibits phytase activity (Cottrill et al., 2002) . The agp-encoded acid glucose-1-phoaphatase is among at least seven distinct periplasmic phosphatases encoded in the Escherichia coli genome that are capable of hydrolyzing a variety of phosphorylated compounds (Wanner, 1996) . Glucose-1-phosphatase was previously characterized as a homodimeric enzyme with a subunit molecular mass of 44 kDa and broad substrate specifi city (Pradel and Boquet, 1988) , and its primary function is to scavenge glucose from glucose-1-phosphate Boquet, 1989, 1991) . Until now, the biochemical properties of Agp in bacteria are only reported for E. coli (Pradel et al., 1990) and Enterobacter cloacae (Herter et al., 2006) . Previously we isolated a Citrobacter braakii which produce intracellular phytase, and characterized the enzyme (Kim et al., 2003 (Kim et al., , 2006 . In the present study, we have purifi ed and characterized an intracellular acid glucose phosphatase (AgpC) that possesses high activity for glucose-1-phosphate and glucose-6-phosphate from Citrobacter braakii, and also cloned its gene.
Materials and Methods
Enzyme purifi cation. The AgpC was purifi ed to homogeneity by ammonium sulfate precipitation, DEAESepharose chromatography, CM-Sepharose chromatography and FPLC chromatography. The precipitate from 30 70% saturated ammonium sulfate suspension was collected by centrifugation (12,000 g, 30 min) and resuspended in 20 mM sodium acetate buffer (pH 5.0). The resuspension was desalted by dialysis against the same buffer. The dialyzed sample was loaded onto a DEAE-Sepharose fast-fl ow column preequilibrated with 50 mM Tris/HCl buffer (pH 8.0). The absorbed enzyme was eluted with 0 0.5 M NaCl linear gradient in the buffer. The active fractions were combined and dialyzed in 20 mM sodium acetate buffer (pH 5.0), and put to a CM-Sepharose fast-fl ow column pre-equilibrated with the same buffer (pH 5.0). The AgpC was eluted with 0 0.5 M NaCl, dialyzed against the same buffer and loaded again on a Mono Q HR 5/5 fast-fl ow column pre-equilibrated with 20 mM sodium acetate buffer (pH 5.0). The absorbed enzyme was eluted with 0 0.5 M NaCl linear gradient in the same buffer.
Analytical methods. Phytase and glucose-1-phosphatase activity were assayed as previously described (Kim et al., 2003) . The concentration of released inorganic phosphate was measured by reference to a K 2 HPO 4 standard. Acid phosphatase was determined by the liberation of p-nitrophenol from p-nitrophenyl phosphate in accordance with published methods (Bolton and Dean, 1972; Owen et al., 1992) . One unit of the enzyme activity was defi ned as the amount of enzyme required to liberate 1 µmol of phosphate or nitrophenol per min at 37 C. Protein concentration was determined by the BCA method using a protein assay kit (Sigma).
Determination of pH and temperature optima. The pH optimium for hydrolysis of gucose-1-phosphate was determined using standard assay conditions with the following buffers (0.1 M): glycine/HCl (pH 2 3.5), sodium acetate/acetic acid (pH 3.5 6), Tris/acetate (pH 6 7), Tris/HCl (pH 7 9), and glycine/NaOH (pH 9 10). For the pH stability, the enzyme was preincubated at 37 C in various pH buffers for 1 day and the remaining activity was measured as standard assay. The temperature optimum was determined using the standard assay at temperatures from 30 70 C. For the temperature stability, the enzyme was preincubated at various temperatures for 30 min and the remaining activity was measured as standard assay.
Substrate specifi city and determination of Km and Vmax. Kinetic parameters were determined at 37 C and pH 5.0. The substrate specifi city of the purifi ed AgpC on several phosphate esters was tested in 0.1 M sodium acetate buffer (pH 5.0). The Km and Vmax were calculated from the Lineweaver-Burk transformation of the Michaelis-Menten equation.
N-Terminal amino acid sequence. The purifi ed enzyme was transferred to a polyvinylidene difl uoride (PVDF) membrane (Bio-Rad Lab) after SDS-PAGE using 12% (v/v) gel. The AgpC band was cut out and its N-terminal amino acid sequence was analyzed by the Edman degradation method using an Applied Biosystems model 476A protein/Peptide sequencer (Applied Biosystems, Inc.).
Southern hybridization. Southern hybridization was performed according to the procedure described by Sambrook et al. (1989) . A degenerated 30 mer oligonucleotide probe (5 -CAGACSGCSCCGGARGGYTAY-CAGCTKCAG-3 ) was designed based on the N-terminal amino acid sequence (QTAPEGYQLQ) of the acid glucose phosphatase using the codon usage database of C. freundii similar to C. braakii (http://www. kazusa.or.jp/codon/). Hybridization bands were detected using the DIG Luminescent Detection Kit (Boehringer) according to the manufacturer s instructions (Roche).
Cloning of acid glucose phosphatase gene and nucleotide sequence analysis. Based on the observation that the degenerated probe hybridized to a single 6.0 kb PstI-genomic DNA fragment, a size-selected genomic library in the 6.0 kb region was generated. The 6.0 kb region was excised from the gel and isolated using a QIAquick gel extraction kit (Qiagen). The isolated DNA fragments were ligated into PstI-digested pBluscript SK (+) to create a size-selected genomic library. A recombinant plasmid carrying the acid-glucose phosphatase gene was screened by colony hybridization and the insert DNA was sequenced.
Results and Discussion

Purifi cation of acid glucose phosphatase
While purifying the enzyme with phytase activity in Citrobacter braakii, we achieved two active (major and minor) peaks with phytase activity (data not shown). The details of the biochemical properties of the phytase were investigated early (Kim et al., 2003) ; thus an acid glucose phosphatase (AgpC) was purifi ed in this study with the minor phytase activity from Citrobacter braakii as described in MATERIALS AND METHODS. The AgpC was purifi ed 986 fold to homogeneity with the specifi c activity of 286 units/mg, which was 1.5 times higher than the purifi ed recombinant glucose-1-phosphatase from Enterobacter cloacae (Herter et al., 2006) . The molecular mass of the purifi ed enzyme was 46 kDa by SDS-polyacrylamide gel electrophoresis (Fig. 1) .
Substrate specifi city and enzyme kinetics
The substrate specifi city of AgpC is shown in Fig. 2 . AgpC had high activity for glucose-1-phosphate and glucose-6-phosphate and was also active towards other monosaccharide sugar phosphates such as mannose-6-phosphate and fructose-6-phosphate. Activity towards phytate and the general phosphatase substrate p-nitrophenyl phosphate was also detected. Compared with the preferred substrate glucose-1-phosphate, the phytase activity of AgpC was found to be 33-fold lower. This was much lower than six-to sevenfold of the activities reported for glucose-1-phosphatase such as Enterobacter cloacae AgpE (Herter et al., 2006) . Table 1 lists the Km and Vmax along with the specifi city constants (Vmax/Km) for the compounds used as substrates. Concerning the kinetic parameters for the hydrolysis of glucose-1-phosphate and glucose-6-phosphate, the Km values for glucose-6-phosphate was lower (2-fold) than glucose-1-phosphate. The highest Vmax was observed with glucose-1-phosphate. The specifi city constants (Vmax/Km) for the two compounds were 1.9 U mg 1 mM 1 and 1.6 U mg 1 mM 1 , respectively. The Km of the enzyme for Glu-1-phos- Fig. 1 . SDS-PAGE analysis of the AgpC purifi ed from Citrobacter braakii on 12% (W/V) separating gel.
The gel stained with Coomassie Brilliant Blue R-250. The migration position of the purifi ed AgpC is indicated as 46 kDa. Fig. 2 . Substrate specifi city of purifi ed AgpC. The enzyme activity assay with various phosphorylated compounds was done as standard assay described above using 2 mM of each substrate. The hydrolysis rate of glucose-1-phosphate was taken as 100%.
phate was reported to be 0.31 and 0.39 mM from E. coli (Cottrill et al., 2002) and E. cloacae (Herter et al., 2006) , which was 2.7-fold lower than that of AgpC. These results indicate that AgpC has higher substrate specifi city for glucose-6-phosphate than glucose-1-phosphate, and the activity of AgpC is quite different from E. cloacae AgpE, which clearly belongs to the group of HAPs with main activity directed towards glucose-1-phosphatase and phytase activity striking higher than that reported for E. coli Agp (Cottrill et al., 2002) .
Effects of pH and temperature
The effects of pH and temperature on the activity of AgpC were examined with glucose-1-phosphate as substrate. The purifi ed enzyme exhibited a sharp optimal activity at around pH 5.0. The enzyme was stable at pHs between 3.5 and 7.5 but rapidly lost the activity above pH 7.5 (Fig. 3A) . The effect of temperature on the AgpC activity was examined at various temperatures ranging from 30 C to 70 C. The optimal temperature for the enzyme activity was 45 C. To test thermostability, activity of the AgpC was measured after incubation at various temperatures for 30 min. The enzyme was stable up to 55 C, but rapidly inactivated at 60 C (Fig. 3B) .
N-Terminal amino acid sequence
The N-terminal amino acid sequence of the purifi ed enzyme was determined by an automated Edman method after SDS-PAGE and found to be Gln-Thr-AlaPro-Glu-Gly-Tyr-Gln-Leu-Gln. In the result of its BLAST search, the enzyme had a signifi cant similarity with glucose-1-phosphatase from enterobacteria such as Enterobacter, E.coli, Shigella and Salmonella.
Cloning and sequencing of the AgpC gene
For cloning the gene encoding the acid glucose phosphatase, a size-selected genomic library was constructed using PstI-digested genomic fragments as shown in MATERIALS AND METHODS. One colony showing a positive signal was detected by colony hybridization. The positive colony also exhibited a signifi cant acid glucose phosphatase activity in the cell lysate. The open reading frame (ORF) of glucose-1-phosphatase was confi rmed by the N-terminal amino acid sequence obtained from purifi ed enzyme. The gene coding glucose-1-phosphatase (agpC, GenBank accession no. FJ716800) comprised 1,242 nucleotides and encoded a polypeptide of 413 amino acids with a (A) The enzyme assay was performed at 37 C in various pH buffers. For the pH stability, the enzyme was preincubated at 37 C in various pH buffers for 1 day and the remaining activity was measured as standard assay. , optimal pH; , pH stability. (B) The enzyme assay was performed at various temperatures in 0.1 M sodium acetate buffer (pH 5.0). For the temperature stability, the enzyme was preincubated at various temperatures for 30 min and the remaining activity was measured as standard assay. , optimal temperature; , temperature stability. Glucose-1-phosphatase from Citrobacter braakii 22-amino acid N-terminal signal peptide. The molecular mass of the deduced amino acid sequence was 43,705 Da, which was similar to the size of 46 kDa determined by SDS-PAGE. The mature protein contains a variation of the active site signature motif RHNXRXP instead of RHGXRXP, which is common in HAPs and phytase (Mitchell et al., 1997) .
The amino acid sequence alignment with available bacterial acid glucose phosphatases was performed to generate a phylogenetic tree. The deduced peptide sequence had 91% identity with Citrobacter koseri, and 78 89% identity with other glucose-1-phosphatases. In particular, it shared only 32% identity with phytase from C. braakii. The deduced amino acid sequence of agpC showed a close relationship with enterobacteria such as E. coli, Shigella, and Salmonella, Enterobacter and Klebsiella acid glucose phosphatases. They can be distinguished by sequence similarity from the HAPs/phytase group. Figure 4 presents the phylogenetic tree, showing the relationship with other bacterial glucose-1-phosphatases, based on the amino acid sequence. The tree revealed that C. braakii agpC was more closely related to Citrobacter koseri agp than other agps.
In this study, we purifi ed, characterized and cloned an acid glucose phosphatase with a high specifi city against glucose-1-phosphate and glucose-6-phosphate from Citrobacter braakii but its physical function remains unclear. In the case of glucose-1-phosphatase of E. coli, the physical function is defi nitely not the use of phosphate from Glu-1-phosphate but the use of the glucose moiety Boquet, 1989, 1991) . Therefore, studies on the regulation of the expression by glucose or phosphate are needed to obtain more detailed information about the enzyme.
